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The study of herd size and structure of pelagic dolphins has been difficult 
due to the logistical problems inherent in working in the open ocean. Data 
collected from tuna purse seiners in the eastern Pacific Ocean have allowed the 
study of pelagic dolphins in some detail. Previous hypotheses have suggested 
that the combined effects of predation pressure and patchier prey would 
promote larger group sizes for protection and more efficient foraging. For a 
species that lives in a variety of habitats, such as the bottlenose dolphin, we 
might expect to see larger herds with increased distance offshore, but this trend 
was not seen. An increasing trend in the proportion of mixed-species herds 
with distance offshore was found, but, even in the furthest offshore area, only 
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30% of the bottlenose dolphin sightings were of mixed-species herds. The 
median herd size (1 O) was similar to the typical herd sizes reported for coastal 
bottlenose dolphins. The range of sizes was broader, however, than that of any 
coastal population. 
The factors that influence pelagic dolphin herd sizes also may be identified 
by examining herd size variation in light of the daily habits of the dolphins, 
their predators, and their prey. A daily pattern of increasing herd size in the 
morning and subsequent decline in the late afternoon or night was evident for 
spotted, spinner, and common dolphins, and for large yellowfin tuna that 
associate with dolphins. Predation pressure appeared to be the major influence 
on this daily pattern, although the effect of prey distribution could not be 
discounted. This pattern is also seen in the formation of mixed-species 
aggregations. 
During an aerial photogrammetric study off the west coast of Mexico, 15 
herds of Central American spinner dolphins were photographed. Techniques 
were developed to study herd structure. Computer-generated maps of 
photographed herds were used to examine the spatial relationships of various 
size classes of dolphins. Nearest-neighbor analyses were used to examine the 
relationship between the size of an individual and the size of its neighbors. 
These analyses were also used to estimate the size that calves become 
independent of their mothers. 
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DISTRIBUTION AND HERD STRUCTURE OF BOTILENOSE DOLPHINS 
IN THE EASTERN TROPICAL PACIFIC OCEAN 
INTRODUCTION 
Nearly all information currently available on bottlenose dolphins, Tursiops 
truncatus, has been gathered from coastal populations, even though the 
distribution of these animals extends far offshore. Little is known about 
populations that live in pelagic waters and around oceanic islands, because of 
the many difficulties in studying dolphins in the open seas. 
Because tuna purse-seine vessels in the eastern tropical Pacific Ocean 
actively search for pelagic herds of dolphins, the fishery can provide much 
useful information about pelagic dolphin populations. The U.S. National 
Marine Fisheries Service (NMFS) and the Inter-American Tropical Tuna 
Commission (IA TIC) have collected data on pelagic dolphin species affected by 
the tuna purse-seine fishery. Scientific technicians from both organizations 
travel aboard tuna vessels of the international fleet to monitor the incidental 
mortality of dolphins during purse-seining operations, and collect sightings and 
life history information for population studies. The primary dolphin species 
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affected by the fishery are the spotted dolphin (Stenella attenuata) and the 
spinner dolphin (Stenella longirostris), but sets are occasionally made on other 
species as well, including the bottlenose dolphin. The incidental mortality 
estimates of bottlenose dolphins range from 0 to almost 200 (Smith, 1979; 
Leatherwood and Reeves, 1982; NMFS unpub. data), and make up a small 
fraction(< 0.5%) of the total dolphin mortality by the fishery. 
From these data, we can determine some of the characteristics of pelagic 
bottlenose dolphin herds and compare them with those of better-known coastal 
populations. In this study, we were interested in patterns of distribution, herd 
size, and associations with other species - characteristics which may differ 
between open-ocean and coastal populations. In particular, we wished to test 
the hypothesis suggested by Norris and Dohl (1980) and Wells, Irvine, and Scott 
(1980) that in the pelagic environment increased predation pressure and 
patchier food resources may combine to favor larger dolphin group sizes for 
protection and more efficient foraging. Groups may also become effectively 
larger by joining other cetacean species to form mixed-species herds. In the 
North Pacific, bottlenose dolphins are known to associate with other cetacean 
species, especially short-finned pilot whales, Globicephala macrorhynchus (Norris 
and Prescott, 1961; Leatherwood et al., 1973; 1982; Walker, 1975). Also, the 
eastern tropical Pacific is an area where the formation of mixed-species herds -
most notably, spotted and spinner dolphins - is common. 
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We used two sources of sightings data to examine these hypotheses. Most 
of the data derived from dolphin observations made during 1018 cruises by 
scientific technicians aboard tuna purse seiners from 1971 through mid-1986. 
Additional sightings were recorded by NMFS scientific technicians during 24 
research cruises from 1974 through 1985. We have included sightings between 
35° N and 20° S latitudes, and from the coast of the Americas west to 160° W 
longitude. This area covers the entire region known as the eastern tropical 
Pacific Ocean (EASTROPAC), but extends northward of the Tropic of Cancer 
(23° 27' N latitude) that marks, in a strict sense, its northern boundary. We refer 
to the entire study area as the EASTROPAC, however, since the bulk of the 
sightings come from the tropical region. More detailed studies at the northern 
and southern edges of this study are reported by Walker (1981), Hansen (1990), 
and Van Waerebeek, et al. (1990). 
PATIERNS OF DISTRIBUTION AND HERD COMPOSITION 
Distribution 
Bottlenose dolphins are widely distributed in offshore waters of the 
EASTROPAC (Figure 1.1). Differences in morphology, feeding habits, and 
parasite loads have been reported between coastal and offshore bottlenose 
dolphins (Walker, 1981). In southern California, the coastal form generally has 
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a limited range along the surfline (Hansen, 1990), while the offshore form in the 
EASTROPAC is suspected to range more widely (Leatherwood and Reeves, 
1982). Due to the pelagic nature of the fishery, coastal sightings are probably 
under-represented in Figure 1.1. (The shallow waters along the shore favored 
by researchers studying coastal bottlenose dolphins are unappealing to large-
draft vessels fishing for pelagic tuna). The cumulative encounter rate with 
herds of bottlenose dolphins by monitored vessels in the EASTROP AC for the 
years 1979 through 1985 is presented in Figure 1.2 (see also Polachek, 1987). The 
area inhabited by bottlenose dolphins is shown to be surrounded by an area 
with at least moderate search effort in which there have been few sightings. 
This indicates that sightings of pelagic bottlenose dolphins outside the area 
searched are likely to be rare. The outlying sightings far offshore in Figure 1.1 
are associated with islands such as Hawaii to the west, and the Marquesas and 
the Tuamotus to the southwest. 
Au and Perryman (1985) compared dolphin distributions with 
oceanographic features in the eastern tropical Pacific. They suggested that two 
communities of dolphins occur, defined by the water masses in which they live. 
Au and Perryman found that spotted and spinner dolphins live predominantly 
in Tropical Surface Water (Wyrtki, 1966; 1967) in an area beginning off the coast 
of Mexico and extending westward along the 10° N-parallel (see Figures 4 and 6 
in Perrin et al., 1983 for distribution maps of these species). This water is 
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characterized by a sharp, shallow thermocline within 50 m of the surface, warm 
sea-surface temperatures(> 25°C), and relatively low salinity(< 34° /oo). 
Productivity is high due to the divergence zone created by the westward-
flowing North Equatorial Current and the eastward-flowing Equatorial Counter 
Current. A second oceanic regime, which Au and Perryman termed Upwelling-
Modified Water, is more variable in character, with generally cooler sea-surface 
temperatures, weaker and deeper thermoclines, higher salinity(> 35° /oo), and 
high productivity induced primarily by upwelling. Such areas are found along 
the Equator and off the coasts of Baja California, Central America, and Peru, 
where common dolphins (Delphinus delphis), striped dolphins (Stenella 
coeruleoalba), and short-finned pilot whales are the predominant cetaceans. 
Bottlenose dolphins and Risso's dolphins (Grampus griseus) occur in both 
communities, and the bottlenose dolphin distribution (Figure 1.1) appears to 
include the collective ranges of spotted dolphins and common dolphins (Perrin 
et al., 1983). 
Herd Size 
The median herd size of bottlenose dolphins in the EASTROPAC is 10 
animals (mean= 57), although some herds have been estimated to contain as 
many as 10,000 bottlenose dolphins (Figure 1.3). There are potential biases, 
however, in the estimates of herd size. The number of small herds may be 
underestimated, particularly for sightings from tuna boats, because such groups 
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are typically more difficult to spot than large groups and because the fishermen 
search preferentially for large dolphin herds since they are thought to be 
associated with the largest groups of yellowfin tuna (Thunnus albacares). This 
bias may be counterbalanced by the tendency of bottlenose dolphins to 
approach boats to ride the bow wave or stern wake. The relative influence of 
these factors has not been assessed. 
Estimates of herd size made from tuna boats can differ from estimates 
made from research vessels. Holt and Powers (1982) found that average herd 
size estimates made from tuna boats (x = 583; S.E. = 54; n = 167) were about 
three times those made from two research vessels (x = 166, 188; S.E. = 23, 27; n = 
62, 49) for herds of Stenella or Delphinus greater than 14 animals. This factor 
probably does not significantly affect the median estimates for a species that 
occurs most often in groups small enough that the number of individuals can be 
counted, rather than estimated. The median herd size reported by research-
vessel technicians is 8.5 animals (mean= 20; n = 200), but the low sample size 
from the research vessels and the different amount of effort expended by the 
two types of vessels in different areas makes comparison problematic. 
To examine the effect of distance from shore on herd size, we stratified the 
sightings into five areas (Figure 1.4): 
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Area 1. Coastal areas: one-degree quadrants which contain portions of the 
coastline, 
Area 2. Island areas: one-degree quadrants containing offshore islands, 
Area 3. Near-coastal areas: one-degree quadrants adjacent to the coastal 
quadrants, 
Area 4. Far-western areas: the area west of 120°W longitude and south of 18° 
N latitude, 
Area 5. Offshore areas: the remaining areas. 
This somewhat arbitrary stratification scheme attempts to partition the areas 
by increasing distance offshore, while incorporating features of the ocean's 
physiography and the dolphins' distribution. Thus, the "coastal" area roughly 
corresponds to waters inside the 2000-m contour, while the "near-coastal" area 
covers the band of pelagic waters generally just offshore of this contour. We 
have attempted to isolate the potential influences of "island" areas on the dolphin 
herds by separating them from the surrounding "offshore" area. The "far-
western" area is the furthest from shore and is partitioned from the "offshore" 
areas by an apparent hiatus in the distribution of bottlenose dolphins. Such a 
hiatus occurs in other dolphin species in the BASTROP AC as well (Perrin et al., 
1983). 
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There are significant differences among the above areas in sizes of herds 
containing only bottlenose dolphins (Kruskal-Wallis test, p < 0.001). There 
appears to be a decreasing onshore-offshore trend in mean herd sizes, although 
this trend is not reflected in the median herd sizes (Table 1.1). We favor the use 
of the median over the mean herd size in this study because of the heavily 
skewed distribution of the pelagic herd sizes; the presence of a relatively few, 
very large herds in offshore waters can greatly inflate the mean herd size. Thus, 
while the mean more accurately reflects the greater percentages of large herds in 
the coastal and island areas, the median offers a better representation of what a 
"typical" herd is like. Even the large herds of hundreds or thousands of 
bottlenose dolphins are usually described by observers as aggregations 
composed of numerous, small groups scattered over an area of several miles, and 
the influence of such large, and perhaps ephemeral, herds on the mean herd size 
may be misleading. 
Herd sizes were stratified by season and by year for the coastal (Area 1) and 
offshore (Area 5) regions. The median herd size did not change significantly 
with the season in coastal and offshore areas north of the equator, although the 
medians in both areas are at their highest in April-June (Figure 1.5). A similar 
comparison for areas south of the equator was not done due to inadequate 
sample sizes. 
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Variation in median herd sizes, however, was found between years (Figure 
1.6). Most strikingly, the median herd size was significantly lower in 1983 than 
in other years. It is possible that changes in median herd size were correlated 
with oceanographic conditions. Three El Nifio events occurred during the period 
1971-1986. Severe El Nifio conditions, typified by higher sea-surface 
temperatures and decreased upwelling and productivity, occurred in 1972-1973 
and 1982-1983, while a relatively mild event occurred in 1976 (IATTC, 1984, see 
Fig. 45; 1986). Declines in median herd size were observed at about the same 
periods of severe El Nifio events (different lag times may have occurred in the 
different areas). Intense anti-El Nifio events, typified by lower sea-surface 
temperatures, increased upwelling, and increased food production occurred in 
1970-1971, 1975, and 1984-1985; higher median herd sizes occur at approximately 
the same times as these events. Another factor, however, that may influence 
these results is that average herd-size estimates by scientific technicians aboard 
tuna-boats have declined for spotted and spinner dolphins during 1977-1983 
(Hammond and Laake, 1983; Holt, 1985), perhaps influenced by increased 
training on herd-size estimation given the technicians during that time 
(Hammond and Laake, 1983). 
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Mixed-Species Herds 
Many sightings of mixed-species herds containing bottlenose dolphins were 
recorded in the EASTROPAC (Figure 1.7). While the median and mean total 
sizes of these mixed-species herds (median= 50, mean= 134) are significantly 
greater than the sizes of herds containing only bottlenose dolphins (median= 10, 
mean= 58; p < 0.001), the median and mean numbers of bottlenose dolphins in 
the mixed-species herds (median = 11, mean = 56) are not significantly different 
from the numbers in herds containing only bottlenose dolphins (Wilcoxon rank 
sum tests, p = 0.857; ANOV A, p = 0.829). Thus, it appears that the presence of 
other species in the herd does not affect the number of bottlenose dolphins 
present. 
Eighty percent of the herds contained only bottlenose dolphins, while 16% 
contained one other species, and 4% contained two or more other species. The 
proportion of mixed-species herds is significantly different among areas 
(contingency test, p < 0.001); as illustrated in Table 1.1, there is a significant 
increasing trend in the percentage of mixed-species herds among areas that are 
progressively distant from shore, particularly when coastal and island areas are 
combined (p < 0.001; a test for linear trend in proportions was used with 
arbitrary scores being associated with areas to detect a linear component of the 
trend; see Snedecor and Cochran, 1973). Mixed-species herds are typically found 
well offshore, particularly along the 10°N-parallel (Figure 1.7). 
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Bottlenose dolphins were sighted with 13 other species of cetaceans (Figure 
1.8), in a total of 1102 recorded mixed-species herds. The short-finned pilot 
whale was the species most commonly associated with bottlenose dolphins, 
being present in 40% of all mixed-species herds. The next most commonly 
associated species was the spotted dolphin (36%). Bottlenose and spinner 
dolphins also associated (19%), but typically only when spotted dolphins were 
present as well. Only 7% of the mixed-species herds that contained spinner and 
bottlenose dolphins did not also contain spotted dolphins. 
Sightings data from the tuna vessels, however, are likely to be biased 
because the tuna fishermen primarily search for, and set on, large herds of 
spotted dolphins which are most often associated with yellowfin tuna. Thus, 
compared to other cetaceans, spotted dolphin herds are more likely to be 
approached by the vessel, and are therefore more likely to be identified by the 
technician. The relatively high percentage of herds containing both bottlenose 
and spotted dolphins might be a direct result of this characteristic of the fishery. 
Data from the NMFS research cruises, however, were not biased in this manner 
because dolphin herds are generally approached regardless of species or herd 
size. When the relative frequencies of species associated with bottlenose 
dolphins from the research vessel data were compared with data from the tuna 
vessels (Figure 1.8), the research cruise data contained a smaller percentage of 
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mixed-species herds composed of bottlenose and spotted dolphins, with 
concurrent increases in associations with Risso's dolphins, Grampus griseus, 
rough-toothed dolphins, Steno bredanensis, and pilot whales. 
The distribution of herds containing both bottlenose dolphins and pilot 
whales is limited primarily to three areas (Figure 1.9): 1) along the coast of Baja 
California, 2) along the 10° N-parallel, and 3) along the equator. In the 
westward-extending lobe along the 10° N-parallel, however, there is a hiatus in 
sightings between 104 ° and 119° W longitude. Within this gap lies Clipperton 
Island, which represents a "coastal" habitat in which pure herds of bottlenose 
dolphins are often sighted (Figure 1.1). There is also a less-distinct gap in 
sightings of mixed herds of bottlenose dolphins and pilot whales near the 
Galapagos Islands where small groups of bottlenose dolphins are frequently 
found (Leveque, 1963; Hickin, 1979). Mixed-species herds containing bottlenose 
and spotted dolphins are found principally along the 10° parallel with a hiatus 
near Clipperton Island as noted above (Figure 1.10). 
In mixed-species herds, bottlenose dolphins typically form only a small 
proportion of the total number of animals in the herd (Figure 1.11), but this 
proportion appears to depend mainly on the species of the other animals in the 
herd. When in combination with species which typically occur in large herds of 
hundreds of animals, such as the spotted dolphin, bottlenose dolphins were a 
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small minority, comprising usually 10% or less of the herds (Figure 1.11). When 
in combination with species, such as pilot whales, which typically occur in 
smaller herd sizes similar to those of bottlenose dolphins (Leatherwood et al., 
1982), the bottlenose dolphins can be either the majority or minority species in 
the herd. 
DISCUSSION 
How do pelagic and coastal populations of bottlenose dolphins differ? The 
mean herd sizes of pelagic bottlenose dolphins in the eastern Pacific are 
considerably larger than those reported for coastal populations (Leatherwood 
and Reeves, 1982, table 18.4). The large majority of pelagic herds, however, are 
no larger than coastal herds, and the median herd size of offshore herds (10) is 
within the range of herd sizes typical of coastal populations (Leatherwood and 
Reeves, 1982; Shane, Wells, and Wiirsig, 1986). Yet, the range of estimated sizes 
of bottlenose dolphin herds in the EASTROP AC (from 1 to over 10,000) is much 
broader than that of any coastal population studied. Although Saayman and 
Tayler (1973) reported coastal and near-coastal herds that contained up to 1000 
dolphins off South Africa, typically herds in coastal populations contain fewer 
than 100 dolphins (Leatherwood and Reeves, 1982). Thus, it appears that in the 
pelagic waters of the eastern Pacific small herds are still the norm; it is the 
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occasional occurrence of very large herds, sometimes containing thousands of 
animals, that distinguishes the pelagic from the coastal populations. 
Do bottlenose dolphins associate with other cetaceans to a greater extent in 
the open ocean than in coastal areas? Coastal populations typically do not 
associate with other cetaceans, while mixed-species herds are more commonly 
seen in pelagic waters. The increasing trend observed in the proportion of 
mixed-species herds with distance offshore suggests that the formation of such 
congregations may be advantageous for pelagic life. Other pelagic cetaceans, 
such as Risso's dolphins, northern right whale dolphins (Lissodelphis borealis), 
Pacific white-sided dolphins (Lagenorhynchus obliquidens), spinner dolphins, and 
spotted dolphins, are also known to form mixed-species herds (Leatherwood et 
al., 1982). Mixed-species herds could provide the same advantage of "safety in 
numbers" that large single-species herds do, while additionally providing more 
options in feeding strategies. Bernard and Thompson (1985) suggested that the 
same advantages exist for mixed-species bird flocks, observing that a species 
with opportunistic feeding habits may aggregate with species having more 
specialized feeding habits, thus allowing the generalist to mimic or capitalize 
upon the more-efficient strategies of the specialist. 
Yet, even in the furthest offshore areas, 70% of the bottlenose dolphin herds 
observed were not associated with other cetacean species. Indeed, Figure 1.12 
14 
demonstrates that small herds containing only bottlenose dolphins are 
distributed well offshore. While there appears to be some onshore-offshore effect 
on the size of bottlenose dolphin herds and their tendency to associate with other 
species, pelagic bottlenose dolphins obviously are not absolutely restricted to 
congregating in large or mixed-species herds to survive. 
Clearly then, our initial hypothesis that pelagic herds are typically larger 
than coastal herds is not borne out by the data. This apparently contradicts 
observations by researchers studying coastal populations (Norris and Dohl, 1980; 
Wells, Irvine, and Scott, 1980). However, these researchers typically have 
compared herd sizes of populations that live along shore to those of adjacent 
offshore populations, while we have included these adjacent populations in our 
definition of "coastal" dolphins because of the large area covered by this study. 
While an increasing trend i~ herd size may be apparent from the point of view of 
a coastal researcher, this trend does not extend to the pelagic populations of 
bottlenose dolphins when viewed on a broader scale. A more compelling notion, 
perhaps, is that the size of herds becomes more variable in the pelagic 
environment. To place this question in a clearer context, we need to re-examine 
our initial assumptions about characteristics of the pelagic environment that may 
influence the size and structure of bottlenose dolphin herds: i.e., increased 
predation pressure and the presence of rich, but patchy prey resources. 
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Predation pressure may not exert a significant influence on bottlenose 
dolphin herd size in the pelagic environment. Sharks and killer whales, Orcinus 
orca, are potential predators of most dolphins. Shark attacks, and scars from 
previous attacks, have been observed on coastal bottlenose dolphins (Wood, 
Caldwell, and Caldwell, 1970; Wells, Irvine, and Scott, 1980), but shark-bite scars 
are less commonly observed on pelagic cetaceans (Wood, Caldwell, and 
Caldwell, 1970; Leatherwood et al., 1971). Leatherwood et al. (1971) observed 
shark predation on dolphins (primarily dead or injured individuals) during tuna 
purse-seining operations, but suggested that the rarity of shark-bite scars on 
Stenella spp. and Delphinus indicate either that shark attacks are typically fatal, 
or, more likely, that predation pressure on healthy adults due to sharks is low 
due to the speed and maneuverability of the dolphins which, in combination 
with the clarity and unobstructed visibility of pelagic waters, enables them to 
avoid attack. Possibly the pelagic populations of bottlenose dolphins face no 
greater, or perhaps even less, predation pressure than do coastal populations, 
with the risk of predation in both environments falling mainly on the young and 
the weak. 
The relatively large size of bottlenose dolphins probably reduces the risk of 
attack by some predators. False killer whales, for example, are known to prey on 
smaller dolphins such as Stenella spp. and Delphinus (Perryman and Foster, 
1980; unpub. IATIC data). Not surprisingly, false killer whales are not found in 
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the same herds as these smaller dolphins, but do associate occasionally with 
larger delphinids such as pilot whales and other small whales, and bottlenose 
dolphins (Figure 1.8). Although circumstantial, this evidence suggests that 
bottlenose dolphins may be less vulnerable to predation than other species of 
dolphins in the EASTROP AC. 
The schooling behavior of prey species may influence the variability in 
dolphin herd size. Bottlenose dolphins are known to be opportunistic feeders 
with flexible feeding strategies (Caldwell and Caldwell, 1972; Leatherwood and 
Reeves, 1982; Shane, Wells, and Wiirsig, 1986; Shane, 1990). Walker (1981) 
recorded a variety of epipelagic prey in the stomachs of bottlenose dolphins in 
the EASTROP AC, with frigate tuna (Auxis thazard), flying fish (Exocoetidae), and 
squid (Ommastrephidae and Enoploteuthidae) being the most common. Little is 
known about the densities and schooling characteristics of these prey items, but 
observations on frigate tuna (see review by Uchida, 1981), flying fish 
(Beklemishev and Pasternak, 1960, cited in Kort, 1967), and squid (Wormuth, 
1976) suggest that these prey do not always school in large numbers, but instead 
show wide variations, similar to the variations in herd size exhibited by 
bottlenose dolphins. More detailed study of what constitutes a "typical" prey 
school is required to determine whether a correlation exists between the group 
sizes of bottlenose dolphins and their prey. 
17 
Bottlenose dolphins have exploited a wide range of habitats due to their 
extreme plasticity in behavior and ecology. They have adapted to the different 
environmental regimes in the EASTROP AC, and are members in good standing 
of the two cetacean communities of the region. While the variability they display 
in herd size and association with other cetaceans likely plays a role in their 
ability to survive in such diverse environments, the variability they display in 
other factors such as their morphology and feeding strategies may prove to be 
even more important. 
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Table 1.1. Herd characteristics of bottlenose dolphins (Tursiops truncatus) stratified by area in 
the eastern Pacific Ocean (areas defined in the text). 
Percentage of 
mixed-species herds 
Percentage of herd sizes of 
1-10 dolphins 
11-49 dolphins 
50+ dolphins 
Median herd size 
Mean herd size 
Sample size 
Coastal 
(1) 
11 
49 
34 
17 
12 
94 
867 
Island 
(2) 
6 
39 
41 
20 
20 
93 
228 
Area 
Near-coastal 
(3) 
19 
46 
39 
15 
12 
72 
1149 
Far-western 
(4) 
32 
53 
34 
13 
9 
44 
47 
Offshore 
(5) 
24 
52 
38 
10 
10 
40 
3170 
Figure 1.1. Distribution of all sightings of bottlenose dolphins (Tursiops 
truncatus) in the eastern tropical Pacific Ocean (n = 5461). 
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Figure 1.2. Density of bottlenose dolphins (Tursiops truncatus) in the eastern 
tropical Pacific Ocean sighted in the years 1979-1985 from tuna purse seiners. 
Density is measured by the number of bottlenose dolphin herds sighted per 1000 
nautical miles searched in a one-degree quadrat. 
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Figure 1.3. Frequency distribution of bottlenose dolphin (Tursiops truncatus) 
herd sizes in the eastern tropical Pacific Ocean (n = 5461). In mixed-species 
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spikes in the data are due to the tendency of technicians to round off herd size 
estimates to multiples of five. 
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Figure 1.4. Areas used to stratify sightings of bottlenose dolphins (Tursiops 
truncatus). 
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Figure 1.5. Median herd sizes of bottlenose dolphins (Tursiops truncatus) plotted 
by quarter of the year. Included are 95% confidence intervals and the number of 
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described in the text, except that the areas south of the equator have been 
excluded. 
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Figure 1.7. Distribution of all sightings of mixed-species herds containing 
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Figure 1.8. Associations of bottlenose dolphins (Tursiops truncatus) with other 
cetacean species in mixed-species herds. The darkly stippled bars represent data 
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Figure 1.9. Distribution of sightings of mixed-species herds containing 
bottlenose dolphins (Tursiops truncatus) and short-finned pilot whales 
(Globicephala macrorhynchus) in the eastern tropical Pacific Ocean (n = 434). 
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Figure 1.10. Distribution of sightings of mixed-species herds containing 
bottlenose dolphins (Tursiops truncatus) and spotted dolphins (Stenella attenuata) 
in the eastern tropical Pacific Ocean (n = 387). 
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Figure 1.11. The relative frequencies of the proportion of bottlenose dolphins 
(Tursiops truncatus) within mixed-species herd (n = 1102). The hatched portion of 
the bars represents mixed-species herds containing both bottlenose dolphins and 
short-finned pilot whales (Globicephala macrorhynchus), the dark portion of the 
bars represents mixed-species herds containing both bottlenose dolphins and 
spotted dolphins (Stenella attenuata), and the remaining portion of the bars 
represents other species. For example, 39% of all mixed-species herds were ones 
in which bottlenose dolphins formed 10% or less of the herd; the spotted dolphin 
was the majority species in most of these herds. 
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dolphins (Tursiops truncatus) with 10 or fewer animals in the eastern tropical 
Pacific Ocean (n = 2516). 
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DIURNAL PATIERNS IN AGGREGATIONS OF 
PELAGIC DOLPHINS AND TUNAS IN THE EASTERN PACIFIC 
INTRODUCTION 
What are the factors that govern the sizes of dolphin herds? Herd size 
varies greatly and reflects a continual compromise between forces that favor 
dispersion and forces that favor aggregation. Most researchers exploring the 
causes of aggregating behavior have focused on two factors: predation pressure 
and prey distribution. Norris and Dohl (1980a) have argued that variation in 
the typical herd sizes of cetaceans is "exactly what would be predicted if 
predation were the basis for the degree of schooling tendency." Species that 
form large herds typically live in pelagic habitats where the predation pressure 
has been presumed to be relatively high, while coastal and riverine species 
typically form smaller herds (Norris and Dohl, 1980a; Wells et al., 1980; but see 
Scott and Chivers, 1990). 
The influence of prey density is suggested by correlations among the group 
sizes of a guild of predators - several species of dolphins, tunas, and birds - that 
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prey on epipelagic fish, squid, and crustaceans. Feeding aggregations 
composed of all of these predators are common in the tropical waters of the 
eastern tropical Pacific Ocean (ETP). There is a positive correlation between the 
size of dolphin herds, bird flocks, and yellowfin tuna schools in mixed-species 
aggregations (Au and Pitman, 1986; 1988). If the group sizes of many of the 
members of the predator guild are correlated, then they may be responding to 
the densities of shared prey species. 
By examining changes in herd size in light of daily behavioral cycles, it may 
be possible to determine how these factors influence herd size. If predation was 
the predominant factor, one might expect that pelagic dolphins would seek 
protection from visual predators by aggregating in relatively large herds during 
the daytime. One might expect larger groups via the formation of mixed-
species herds during the day as well. If prey distribution was the major factor, 
then one might expect dolphin herds to mirror the daily schooling pattern of 
their prey. Potential prey species, such as small fish, often have a daily cycle in 
which schooling occurs during the day and disorganization of the school occurs 
at night (e.g., Breder, 1959; Hobson, 1968; Major, 1977). Thus, herds of dolphins 
that feed diurnally on such prey would increase during the day. Diurnal 
increases of prey schools, however, should not cause herds of nocturnally 
feeding dolphins to increase during the daytime. 
52 
The group sizes of four species of dolphins and two species of tunas that 
live in the ETP were studied: pantropical spotted dolphins (Stenella attenuata), 
spinner dolphins (S. longirostris), common dolphins (Delphinus delphis), 
bottlenose dolphins (Tursiops truncatus), yellowfin tuna (Thunnus albacares), and 
skipjack tuna (Katsuwonus pelamis). The distributions of these species are 
discussed in Perrin et al. (1983), Scott and Chivers (1990), Cole (1980), and 
Forsbergh (1980). This study focused on the following questions: 1) Do dolphin 
herd sizes show a pattern of daily variation, and what do these patterns suggest 
about the influences of predation and feeding? 2) Do mixed-species 
aggregations of dolphins and tuna show a pattern of daily variation, and what 
does this suggest about inter-specific relationships? 
METHODS 
The Inter-American Tropical Tuna Commission (IATTC) and the U.S. 
National Marine Fisheries Service (NMFS) place scientific technicians aboard 
tuna purse-seiners of the international fleet in the ETP. These technicians record 
data that include the incidental mortality of dolphins, the tuna catch, and 
species composition and size of dolphin herds sighted. Data for this study were 
gathered during over 1200 cruises from 1974-1987 (Figure 2.1). Sightings data 
from 29 research-vessel cruises conducted from 1974-1987 were provided by the 
NMFS. Data from vessels' logbooks (n = 16,360 trips) were used to examine 
trends in the catch of tuna not associated with dolphins for this same time 
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period. This data base included sets made east of 150W north of the equator 
and east of 130 W south of the equator. 
Dolphin Herd Size Vs. Time of Day 
Single-species herds and mixed-species herds comprised of spotted and 
spinner dolphins ("spotted-spinner herds") were treated separately. Statistical 
trends in herd size vs. the time of sighting were examined using linear 
regression models. A break-point analysis was conducted to discover if there 
was significant changes in the slopes of the regression lines during the day (t-
test; Seber, 1982). Dummy variables were used to define variable time periods 
to determine those break points that produced the best fit to the data. A log-
transformation of the herd size data was performed to alleviate heterogeneity of 
variance because observer estimates are typically less precise as herd size 
increases (Scott, Perryman, and Clark, 1985). 
Effect of Sighting Conditions 
It is possible that changes in herd size may be an artifact of changing 
sighting conditions. If sighting conditions worsen in the afternoon, for 
example, then one would expect that fewer small herds would be sighted later 
in the day and the average herd size would increase. One important factor that 
would affect sighting conditions is the sea state, as measured on the Beaufort 
scale (Holt, 1987). The sea state was examined for trend with time of day. 
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Tuna Catch Vs. Time of Day 
To determine whether there was a correlation of the amount of tuna caught 
with the time the set was made, the catches were stratified by tuna species and 
fishing mode: a) "dolphin" sets - yellowfin tuna associated with dolphins 
(typically large tuna, longer than 90 cm), b) "logfish" sets -yellowfin or skipjack 
tuna associated with logs or other floating objects (small tuna, typically less 
than 70 cm), and c) "schoolfish" sets - small yellowfin or skipjack tuna found 
near the surface and not associated with dolphins or logs. Sets in which less 
than one-half ton of tuna was caught ("skunk sets") were excluded because of 
the possibility that the small catch was due to escape of the tuna rather than 
their absence: Escape from other sets may have occurred to an unknown 
degree. 
Mixed-Species Aggregations 
The percentage of spotted-spinner herds to total spotted dolphin herds 
(pure spotted plus spotted-spinner herds) and to total spinner herds was 
plotted by hour of the day. The percentage of spotted dolphins within spotted-
spinner herds also was examined for trends to determine whether the 
proportion changed during the day, indicating that the two species were joining 
or leaving these aggregations at different rates during the day. The ratio of 
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yellowfin tuna catch to the number of dolphins in the aggregation also was 
examined for changes during the day (using the time of the set). 
RESULTS 
Dolphin Herd Size Vs. Time of Day 
The mean herd size for three dolphin species increased over the course of a 
day. This was seen in herds of spotted dolphins (Figure 2.2), spinner dolphins 
(Figure 2.3), common dolphins (Figure 2.4), and in mixed-species herds of 
spotted and spinner dolphins (Figure 2.5), but not for bottlenose dolphins 
(Figure 2.6). Herds grew in size during the mid- to late-morning hours, and 
then fragmented in the late afternoon or at night. Radiotracking of spotted 
dolphins by Perrin et al. (1979) also suggested that herds disperse at night and 
are reconstituted during the morning. Break-point analyses showed for single-
species herds of spotted, spinner, and common dolphins that the slopes 
changed significantly at 1600-1700 h (Table 2.1). 
Effect of Sighting Conditions 
The sea state also changed during daylight hours (Figure 2.7), with seas 
becoming rougher and sighting conditions poorer toward midday. In order to 
determine whether the changes in herd size were an artifact of changing 
sighting conditions, the mean dolphin herd size was plotted vs. time of day for 
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only those sightings made during a Beaufort-2 sea state (Figures 2.8-2.11). 
Although this stratification reduced the sample sizes and increased the 
variances, the daily pattern in herd size was still evident. 
Tuna Catch Vs. Time of Day 
The average catch of yellowfin tuna associated with dolphins and logs also 
increased with time of day (Figures 2.12-2.13; Table 2.2). The daily trend in 
yellowfin tuna school size confirms an earlier study by Sharp (1978) that 
indicated that catches per set of yellowfin tuna were greater in the afternoon 
than in the morning. The yellowfin catch in schoolfish sets generally declined 
during the day (Figure 2.14; Table 2.2). Skipjack tuna caught in logfish and 
schoolfish sets also declined throughout the daytime (Figures 2.15-2.16; Table 
2.2). 
Note that the time the set began was used for tuna and the time of sighting 
was used for dolphins. This was was done to maximize the sample sizes from 
the different data sources. To compare directly the plot of yellowfin caught in 
dolphin sets (Figure 2.12) with the dolphin plots (Figures 2.3-2.6), it is necessary 
to shift the yellowfin plot to the left by about one hour. This was the 
approximate time between the sighting of a dolphin-tuna aggregation and a 
subsequent set. 
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Mixed-Species Aggregations 
The percentage of spotted dolphin herds that were associated with spinner 
dolphins increased to a peak (47%) in the early afternoon and declined in the 
late afternoon (Figure 2.17). Spinner dolphins showed the same pattern (Figure 
2.17), but the figures were much higher, with 87% of all spinner dolphin herds 
being associated with spotted dolphins at the early afternoon peak. It is 
possible that the percentages are biased because tuna fishermen prefer to set on 
spotted dolphins. This bias, however, is unlikely to to change over the course of 
a day to produce the observed daily trend. 
The mean percentage of spotted dolphins in herds containing both spotted 
and spinner dolphins (and no other species) did not change significantly during 
the day (Figure 2.18). This indicates that spotted and spinner dolphins join and 
leave the mixed-species herds at about the same relative rates through out the 
day. The mean ratio of the catch of yellowfin tuna to the number of spotted 
dolphins in the same aggregation did not change significantly throughout most 
of the day, but increased markedly after 1800 h (Figure 2.19). This analysis was 
not done for spinner dolphins because of the small number of sets made on this 
species. 
Another indication of the association of tuna with dolphins can be gained 
by examining how the proportion of total sightings that led to sets changed 
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during the day (Figure 2.20), if we assume that the making of a set is an 
indication of tuna being present. The proportions show little change during 
most of the day, but decrease in the late afternoon, possibly indicating that the 
tuna-dolphin association weakens at this time. This decline may be caused, 
however, by the reluctance of some captains to begin sets that would end after 
sundown. 
DISCUSSION 
Teasing apart the effects of prey patchiness and predation pressure on 
group size is difficult. Both factors almost certainly influence group size. 
Jarman (1974), for example, proposed that the size of African ungulate herds 
was a result of the interaction between predation pressure, which promoted 
aggregation, and food distribution, which limited maximum herd size. 
Aggregation may be promoted by additional advantages, such as increased 
mating opportunities. Also, given the various interspecific relationships in 
these aggregations, the increase in group size of one species could be a 
secondary effect due to its association with a second species. If groups of one 
species increased with time of day, and a second species sought out and 
associated with the first, then the group size of the second species would also 
increase when these mixed-species aggregations combined. 
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Feeding Hypothesis 
Because the same daily pattern in group size is seen in several members of 
the predator guild (spotted dolphins, spinner dolphins, common dolphins, and 
yellowfin tuna), it is tempting to hypothesize that prey distribution is primarily 
responsible for daily group size variation. The herd size of pilot whales 
(Globicephala melaena), an animal with few, if any, predators, appears to be 
positively correlated with the abundance of squid, their principal prey 
(Lockyer, 1989; Bloch et al., 1989). The daily pattern is similar to the pattern of 
many fishes that tightly school during the day, but not at night (Breder, 1959; 
Radakov, 1972; Hobson, 1968). Schooling by fishes is thought to provide 
several advantages in protecting school members (Brock and Riffenburgh, 
1960), but many of these advantages can be countered by social predators, 
particularly if they feed cooperatively. Using a game-theory approach, Clark 
and Mangel (1984) have argued that when prey distribution is patchy, group 
foraging becomes an evolutionarily stable strategy. 
Daily changes in dolphin herd size associated with feeding behavior have 
been reported previously. Hawaiian spinner dolphins spend the day inshore, 
resting in tightly aggregated groups, and then form larger, more dispersed 
groups at dusk as they feed offshore (Norris and Dohl, 1980b). Dusky dolphins 
(Lagenorhynchus obscurus) feed in larger groups at midday and early afternoon 
(Wiirsig and Wiirsig, 1980). Common dolphin herds have been reported to 
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fragment in the late afternoon prior to nighttime feeding and to aggregate in the 
morning for resting and socializing (Evans, 1974; Leatherwood et al., 1983; 
Gallo-Reynoso, 1990). They have also been observed feeding in large herds at 
midday (Gallo-Reynoso, 1990). 
The yellowfin tuna associated with dolphin herds and logs showed the 
daily pattern in school size, while schoolfish did not. It is interesting to note 
that schools caught in all sets attain about the same average biomass at their 
respective daily peaks. Both large and small yellowfin are opportunistic 
foragers and feed on basically the same prey species, although the prey size 
taken is different (R. Olson, pers. comm.; IATTC, 1985). This suggests that the 
daily increase in yellowfin schools is a product of their association with 
dolphins and logs, which may serve as a rallying point in an environment 
where prominent "landmarks" are rare. Another contributing factor would be 
that, as the dolphin herds combine, the tuna associated with the herds would be 
brought together as well. 
There are problems with the feeding hypothesis. Although the dolphins 
and tuna overlap in their diets, it appears that they tend to concentrate on 
different prey species and feed at different times. Spotted dolphins and 
yellowfin tuna are considered to be primarily crepuscular or diurnal feeders of 
epipelagic fish and squid (Reintjes and King, 1953; Legand and Desrosieres, 
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1960; Fitch and Brownell, 1968; Perrin et al., 1973; Norris and Dohl, 1980a; Pryor 
and Kang, 1980), although radio-tracking data suggest that spotted dolphins 
also feed at night (Leatherwood and Ljungblad, 1979; Scott and Wussow, 1983). 
The diets of spotted dolphins and yellowfin tuna in the ETP only partially 
overlap because the tuna feed on crustaceans and the dolphins do not. Spinner 
dolphins, however, are thought to feed at night on mesopelagic fish and squid 
(Fitch and Brownell, 1968; Perrin et al., 1973; Norris and Dohl, 1980b). Common 
dolphins appear to feed on mesopelagic fish and squid at night and on 
schooling fish during the day (Pilleri and Knuckey, 1968; Evans, 1971, 1974; 
Gallo-Reynoso, 1990). It would seem unlikely that dolphins that feed at night 
would aggregate during the day because of any feeding advantage. 
The herd sizes of bottlenose dolphins did not increase during the day. 
Although coastal bottlenose dolphin herds have been reported to increase 
during the morning and peak at mid-day, larger group sizes were not 
correlated with feeding behavior (Wells et al., 1980; Shane et al., 1986). If 
daytime prey aggregation was a cause of the daily pattern seen in spotted 
dolphin herds, one might expect that bottlenose dolphins would show this 
pattern as well because they appear to have similar feeding habits (Walker, 
1981). This argument, however, may not be valid because the stomach samples 
were collected only from bottlenose dolphins associated with spotted dolphins 
and may not completely represent their diet. The flock sizes of seabirds in the 
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ETP that feed commensally with dolphin-associated tuna also do not increase 
during the daytime (L. Ballance and R. Pitman, unpub. data). 
Information on the feeding habits of spotted dolphins collected by IA 'ITC 
and NMFS researchers indicates that none of the stomachs collected from 
dolphins captured between 1200 and 1600 h had recent prey remains in them -
precisely during the period of the day when the largest average herd sizes were 
observed (Figure 2.21). Virtually undigested fish or squid were found only in 
the stomachs of dolphins caught in the early morning (0700 - 0930 h). These 
data, then, do not support the hypothesis that spotted dolphins aggregate in 
response to diurnal aggregation of their prey. A similar feeding hiatus may be 
present in yellowfin tuna as well (Figure 2.21). 
Predation Hypothesis 
It has been argued previously that predation pressure is the main 
advantage responsible for schooling in dolphins and fish (Norris and Dohl, 
1980a; Norris and Schilt, 1988). The daily pattern in herd size is seen for 
spotted, spinner, and common dolphins, and large yellowfin tuna - animals that 
are of about the same size and presumably vulnerable to the same types of 
predators. Potential predators are large sharks and small whales such as killer 
whales (Orcinus orca), false killer whales (Pseudorca crassidens), pilot whales (G. 
macrorhynchus), and possibly pygmy killer whales (Feresa attenuata) (Springer, 
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1967; Wood et al., 1970; Leatherwood et al., 1971; Norris and Dohl, 1980b; 
Perryman and Foster, 1980). Billfish may also prey on tunas, and are capable of 
preying on small dolphins (Mather, 1976; Palko, Beardsley, and Richards, 1981). 
The daily pattern in herd size is not seen for the bottlenose dolphin which may 
be less vulnerable to predation because of its larger size (Scott and Chivers, 
1990). 
The daily pattern in dolphin herd size could be explained as a strategy for 
protection against predators that locate their prey visually. Norris and Schilt 
(1988) have argued that the risk of detection by predators that can echolocate, 
such as killer whales and false killer whales, would promote the maintenance of 
herds at night as well. Yet in the ETP, the dolphin herds fragment during the 
late afternoon and night. 
Large schools may not always be advantageous for protection, however. 
Bullis (1961) observed an aggregation of blackfin tuna (Thunnus atlanticus) 
feeding actively on Spanish sardines (Sardinella anchovia). At the same time, 
large numbers of whitetip sharks (Carcharhinus longimanus), which are known to 
feed on tunas, swam slowly through the fray with their mouths open. Bullis 
stated that: 
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"It was an inescapable conclusion, however, that the white-tips were 
merely waiting and ready for those moments when tunas would 
accidently swim or leap right into their mouths. The identical behavior 
of so many sharks, observed over a 30 minute interval, would indicate 
this to be a well-established feeding pattern. Only with the first hand 
observations, at close quarters, can one give complete credence to the 
likelihood that oceanic sharks obtain a segment of their food in the 
manner described. 
There might seem to be the possibility that the white-tips were 
trying to scoop up the small Sardinella; however, the low schooling 
density of this species at the time appeared to make this quite 
profitless." 
If Bullis' conclusions are correct (but see Myrberg, 1987), some of the 
protective advantages of schooling by the tuna may be countered by 
aggregation of opportunistic predators when the structure of the tuna school 
breaks up while feeding. This illustrates the point that it is not only "safety in 
numbers" that provides protection, but a structure to the school as well. Norris 
and Schilt (1988) refer to such structured schools as "polarized schools" and 
suggested that they provide protection due to the confusion effect, sensory 
integration, and decreased reaction time to predators. 
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It has been assumed that predation pressure on pelagic dolphins is high 
(Norris and Dohl, 1980a; Wells, Irvine, and Scott, 1980) - a natural conclusion 
given the frequent observations of sharks in the vicinity of dolphin-tuna 
aggregations. The results of this study give support to the hypothesis that 
dolphins and tuna aggregate for protection. Sharks associate with tunas and 
dolphins commonly enough that tuna fishermen find it profitable to fish for 
sharks while brailing aboard their catch of tuna (pers. obs.). We still know 
relatively little about predation on dolphins, however. Even though shark-bite 
scars are common on coastal dolphins, such scars are not often seen on pelagic 
dolphins (Wood et al., 1970; Leatherwood et al., 1971; Wells et al., 1987). 
Whether this is because shark attacks are usually fatal, or because actual 
predation is infrequent, remains unresolved. Even if actual predation is 
infrequent, this may be because herding in large groups provides such an 
effective defense. 
Multi-species Aggregations 
The Tuna-Dolphin Bond - A detailed explanation of this association still 
remains elusive. Questions of whether the tuna seek out the dolphins or the 
other way around, and what advantages are gained by each have yet to be 
answered. A mathematical model proposed by Mullen (1984) indicated that the 
relationship must be advantageous to the shorter-lived species, the tuna, for the 
relationship to be stable. The fact that the tuna stay with the dolphins even 
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while the dolphins are being chased suggests a strong tendency for associating 
with dolphins. 
Au and Pitman (1986; 1988), however, consider the yellowfin tuna to be a 
key species in the ETP community because they make prey more available to 
other species by driving it to the surface. The fragmentation of spotted dolphin 
herds in the late afternoon, at the same time that the ratio of tuna-to-spotted 
dolphins sharply increases, indicates that the dolphins may be responsible for 
breaking the association. There are likely several advantages for forming 
mixed-species aggregations (e.g., Barnard and Thompson, 1985; Diamond, 1988), 
two of which will be discussed here: 1) foraging on mutual prey, and 2) 
protection from predators. 
It is commonly believed that the main association is between yellowfin 
tuna and spotted dolphins, and that the relationship is food-based (Perrin et al., 
1973; Norris and Dohl, 1980a; Hammond, 1981; Allen, 1985). This is thought to 
be true because: 1) the majority of yellowfin dolphin sets (from 80 to over 93%) 
are made on herds containing spotted dolphins (IATTC, 1989), 2) spotted 
dolphins and yellowfin tuna eat many of the same prey species (Perrin et al., 
1973), 3) in spotted-spinner herds, the tuna appear to associate with the spotted 
dolphins rather than the spinner dolphins (Norris and Dohl, 1980a; IATTC, 
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unpub. data), and 4) anecdotal observations indicate that the two species feed 
together (see below). 
Yet, spotted dolphins and yellowfin tuna are potential competitors. One 
explanation for the association is that the tuna follow the dolphins to take 
advantage of the dolphins' ability to search for prey with echolocation (Allen, 
1985). Thus, the tuna would benefit from the association while the effects on the 
dolphins would either be negative, if competition was significant, or neutral, if 
prey patches were rich enough to satiate both dolphins and tuna. Some 
suggestion of niche separation is also evident because their diets do not 
completely overlap (Perrin et al., 1973). 
Tunas, however, drive prey from deep water up to the surface, and 
dolphins associated with the tuna could benefit from such behavior just as 
seabirds do (Ashmole and Ashmole, 1967; Au and Pitman, 1988; Hulsman, 
1988). Au and Pitman (1988) argue that spotted and spinner dolphins are 
ecologically more successful in the ETP than other cetaceans due to the feeding 
advantages they gain from associating with yellowfin tuna (although no 
evidence was presented that spinner dolphins actually feed in association with 
the tuna). They suggest that the tuna-dolphin association may be a product of 
oceanographic conditions; the association is most prevalent in the waters of the 
ETP where there is a shallow thermocline and intermediate productivity. These 
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factors would promote wide-ranging foraging near the surface by both the 
dolphins and tuna. In areas of greater or lesser productivity, they argue, the 
benefits of foraging together are less than those of foraging separately. 
Detailed behavioral observations of feeding aggregations of dolphins and 
tuna are rare, but reports from the early baitboat days of the fishery suggest that 
each species may benefit from the presence of the other. Dolphins have been 
observed feeding on prey made more easily available by the tuna (Godsil, 1938; 
Au, unpub. ms.). On the other hand, tightly schooling fish at the surface were 
reported to become more available to the tuna after the ball of bait was broken 
up by the dolphins (G. Silva in Anonymous, 1941). Detection of prey may be 
enhanced for both species due to the combination of different sensory modes. 
The echolocation capability of the dolphins may complement the keen sense of 
smell of the tuna (Ikehara and Bardach, 1981). Thus, the relationship could be 
mutualistic, with both species benefitting from foraging together. 
This notion creates somewhat of a paradox. If the relationship between 
spotted dolphins and yellowfin tuna is primarily a diurnal one based on feeding 
advantages, why are they associating in the afternoon when so many of the 
stomachs of spotted dolphins (and possibly tuna) are empty? One possibility is 
that spotted dolphins have two foraging tactics; a diurnal association with 
yellowfin tuna to take advantage of the tunas' tendency to drive their mutual 
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prey to the surface, and a dawn-dusk or nocturnal strategy of feeding on 
vertically migrating prey. The two foraging tactics would likely result in 
different herd characteristics because of differences in prey distributions. 
Diurnal prey may be found primarily in rich patches, but in patches scarce 
enough that these relatively rare feeding events are not represented in the 
current sample of stomachs. Nocturnally, vertically migrating prey would be 
more abundant and less patchy (Blackburn, 1968). Cooperative feeding may be 
of less value at night because prey are not tightly schooled. This could result in 
predators forming large, wide-ranging herds during the day and more 
dispersed herds at night. 
In support of this idea, diving patterns of radio-tracked dolphins in the ETP 
and Hawaii indicate that they feed by both day and night (Leatherwood and 
Ljungblad, 1979; Scott and Wussow, 1983). A few spotted dolphin stomachs 
contain large numbers of mesopelagic prey, suggestive of nocturnal feeding on 
organisms associated with the deep-scattering-layer, particularly in waters 
where the thermocline is relatively deep (Shomura and Hida, 1965; Fitch and 
Brownell, 1968; Perrin et al., 1973). An ommastrephid squid, probably Dosidicus 
gigas, is an important prey item for spotted and spinner dolphins and yellowfin 
tuna (Perrin et al., 1973). Dosidicus gigas migrates vertically and feeds near the 
surface after sunset and before sunrise (Nesis, 1983). It is a schooling species, 
but feeding schools are typically comprised of tens of individuals, widely 
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spaced apart. Such schools would not be dense enough to support a large 
multi-species aggregation of predators. 
These observations suggest that prey may be primarily taken during 
twilight, presumably taking advantage of the silhouetting of their prey that 
occurs when the incident angle of light is low (Hobson, 1966; 1968; Major, 1977). 
Because the association between tuna and dolphins appears to be well-
established by 0600 h (Figure 2.20), the bond may be reforged during the dawn 
feeding bout. During the daytime, feeding groups of both dolphins and tuna 
have been reported by fishermen, despite the absence of recently eaten food in 
stomachs collected during the afternoon (Figure 2.21). 
If the above paradox is not explained by this hypothesis, then perhaps the 
association is not entirely food-based. It is possible that one or both species may 
gain protection from predators from such an association. Allen (1985) pointed 
out that the similar diets of tuna and spotted dolphin could be a consequence of 
the association, rather than its cause. 
If protection from predation were an important factor in the tuna-dolphin 
association, then one would expect that the tuna would associate with other 
dolphins species that form large herds as much as they do with spotted 
dolphins. It is a general belief in the fishery that it is the spotted dolphins that 
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"carry the tuna." Tuna are caught in association with spinner and common 
dolphins as well, but the percentages of sightings of these species that led to sets 
are about a third that of spotted dolphins (Table 2.3). The extent to which 
yellowfin tuna and spinner dolphins do associate is an indication that the tuna-
dol p hin bond is not completely food-based. The tuna-spinner dolphin 
association may reflect the influence of protection from predators, or that the 
tuna use the spinner dolphins as a cue to find spotted dolphins eventually, or 
that tuna sometimes mistakenly identify spinner dolphins as spotted dolphins. 
Spotted-spinner herds - Spinner dolphins are thought to seek out spotted 
dolphin herds in order to rest while in the company of the diurnally active and 
presumably more-alert spotted dolphins (Norris and Dohl, 1980b). Three pieces 
of evidence support this idea. First, spinner dolphins do not feed during the 
day (Perrin et al., 1973; Norris and Dohl, 1980b) and thus the relationship is not 
likely to be food-based. Second, the importance of protection from predators is 
suggested by behavioral observations of Hawaiian spinner dolphins that rest 
during the day in bays and shallow areas haying open, sandy bottoms where 
predators could be detected more readily (Norris and Dohl, 1980b). Third, the 
proportion of spinner dolphins herds associated with spotted dolphins is almost 
twice as great as the reverse relationship. This may be due to the lower 
encounter rate of spinner dolphins vs. spotted dolphins (Polachek, 1987), but it 
may suggest that the daytime association is more important to the spinner 
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dolphins than the spotted dolphins. Small groups of juvenile spotted dolphins 
appear to join spinner dolphin herds, possibly for protection as well (Hohn and 
Scott, 1983). The spotted-spinner association, however, breaks up in the late 
afternoon, presumably as feeding begins near dusk. 
Common dolphins- Common dolphins don't appear to associate consistently 
with yellowfin tuna or other dolphin species. Typically, less than 8% of all sets 
on dolphin-associated tuna are made on common dolphins and only 7% of all 
research-vessel sightings of common dolphins were mixed-species herds. This 
is probably because common dolphins tend to live in different oceanic regimes 
than do spotted and spinner dolphins. Common dolphins inhabit colder, 
"upwelling-modified waters" off Baja California, the Galapagos Islands, and the 
Costa Rican dome (at approximately 8°N, 90W) rather than than the "tropical 
surface waters" in which spotted and spinner dolphins are found (Au and 
Perryman, 1985). 
Other Species -The association of seabirds with both tuna and dolphins is 
well known. Frigatebirds (Fregata spp.) prey upon fish driven to the surface by 
tuna and dolphins, and steal prey from other seabirds. Rezende (1987) argues, 
however, that the relationship between frigatebirds and other seabirds is not 
strictly one-sided. He observed that frigatebirds (F. magnificens) arrived first at 
prey patches (i.e., fish trawled to the surface by fishing boats), but were soon 
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supplanted by brown boobies (Sula leucogaster). The boobies apparently used 
the highly visible frigatebirds as a cue that prey was available. The heavier 
body of the boobies allows them to plunge-dive and feed more efficiently at the 
water surface than the frigatebirds. The frigatebirds are adapted for soaring 
and riding thermals, which allows them to fly higher and sight dolphins or tuna 
at greater distances than the boobies, and to pirate fish from other seabirds on 
the wing. 
Sharks appear to follow tuna schools and dolphin herds (Au, unpub. ms.). 
The sharks may feed upon schools of prey found and disrupted by the tuna and 
dolphins. When the tuna and dolphins are engaged in feeding, disruption of 
their own group structure or diminished wariness may permit opportunistic 
predation by sharks. 
CONCLUSIONS 
These results support the hypothesis that dolphins aggregate for protection 
against predators. It is unlikely, however, that this is the sole advantage 
because the factors that influence group size are often diverse and intertwined 
(Jarman, 1974; Barnard and Thompson, 1985). For example, by aggregating for 
protection, individuals could forage more effectively because they can spend 
less time scanning for predators and more time searching for food or feeding. 
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The tuna-dolphin bond appears to weaken at dusk when the spotted 
dolphin herds begin to fragment. The relationship appears to be primarily a 
diurnal one that reforms prior to sunrise. Anecdotal observations, the presence 
of freshly eaten frigate tuna (Auxis sp.) in both tuna and spotted dolphins 
sampled from the same set (Perrin et al., 1973), and the overlap in the feeding 
habits between yellowfin tuna and spotted dolphins support the food-based 
relationship hypothesis. Yet, the association is maintained during the afternoon 
when the food-habits data indicate that little or no feeding is occurring. Clearly, 
more research is necessary to understand the tuna-dolphin bond, particularly 
investigations on food habits and prey distribution and abundance. 
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Table 2.1. Break-point analyses for regressions of dolphin herd size vs. time of 
day. The time periods listed are those that produced the best fit. The first 
test was to determine whether the slope was significantly different than 
zero (using a t-test). The second test was to determine whether the slopes 
on either side of a particular break-point were significantly different from 
each other (slope A = the slope during the time period listed; slope B = the 
slope of the subsequent time period). 
Species Time Period Significance Levels 
Slope= 0 Slope A = Slope B 
Spotted dolphins 0600-0900 zero p=0.1 
0900-1600 increasing, p < 0.01 p < 0.01 
1600-2000 decreasing, p < 0.01 
Spinner dolphins 0600-1600 increasing, p < 0.01 p=0.1 
1600-2000 zero 
Common dolphins 0600-1700 increasing, p < 0.01 p < 0.01 
1700-2000 decreasing, p < 0.01 
Spotted and 0600-1100 increasing, p < 0.05 p < 0.01 
spinner dolphins 1100-1300 increasing, p < 0.1 p < 0.01 
1300-2000 zero 
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Table 2.2. Break-point analyses for regressions of tuna school size vs. time of 
day. The time periods listed are those that produced the best fit. The first 
test was to determine whether the slope was significantly different than 
zero (using at-test). The second test was to determine whether the slopes 
on either side of a particular break-point were significantly different from 
each other (slope A = the slope during the time period listed; slope B = the 
slope of the subsequent time period). 
Species/ Time Period Significance Levels 
Set Type Slope= 0 Slope A = Slope B 
Yellowfin tuna 
Dolphin sets 0700-0900 increasing, p < 0.01 p <0.05 
1000-1500 increasing, p < 0.01 p < 0.01 
1500-2000 zero 
Logfish sets 0400-0600 decreasing, p < 0.01 p < 0.01 
0600-0800 increasing, p < 0.01 p < 0.01 
0800-1600 increasing, p < 0.01 p < 0.01 
1600-2000 decreasing, p < 0.01 
Schoolfish sets 0700-0800 increasing, p < 0.01 p < 0.01 
0800-1800 decreasing, p < 0.01 
Skipjack tuna 
Logfish sets 0400-0500 increasing, p < 0.01 p < 0.01 
0500-1900 decreasing, p < 0.01 p < 0.01 
1900-2100 increasing, p < 0.01 
Schoolfish sets 0600-1800 decreasing, p < 0.01 
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Table 2.3. Percentage of dolphin sightings that subsequently resulted in a set. 
The data are stratified into regulated vs. non-regulated vessels because of 
the different laws governing different fleets at the time these data were 
collected (regulations have since become more uniform). Regulated vessels 
were prohibited from setting on pure schools of one stock, the eastern 
spinner dolphin, and data from such vessels would underestimate the 
percentage of spinner dolphin herds associated with tuna. Data from non-
regulated vessels were less biased in this regard. The number of sightings 
are presented in parentheses. 
Regulated 
Vessels 
Non-Regulated 
Vessels 
All Vessels 
Percentage of Sightings Resulting in Sets 
Spotted 
Dolphins 
57.2 
(15,874) 
60.6 
(6950) 
58.2 
(22,824) 
Spinner 
Dolphins 
7.3 
(2328) 
19.8 
(1337) 
11.9 
(3665) 
90 
Spotted-
Spinner 
Dolphins 
68.7 
(12,547) 
74.2 
(4340) 
70.1 
(16,887) 
Common 
Dolphins 
10.0 
(6285) 
19.4 
(2739) 
12.9 
(9024) 
Figure 2.1. Cumulative effort (in nm searched) in the eastern Pacific Ocean by 
tuna purse seiners with scientific technicians aboard, 1975-1988. 
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Figure 2.2. Average herd sizes of spotted dolphins vs. sighting time. The 95% 
confidence limits about the means are indicated. 
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confidence limits about the means are indicated. 
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Figure 2.5. Average sizes of mixed herds of spotted and spinner dolphins vs. 
sighting time. The 95% confidence limits about the means are indicated. 
Sightings of herds that contained three or more species were not included. 
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confidence limits about the means are indicated. 
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Figure 2.8. Average herd sizes of spotted dolphins sighted during Beaufort-2 sea 
states vs. sighting time. The 95% confidence limits about the means are 
indicated. 
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Figure 2.9. Average herd sizes of spinner dolphins sighted during Beaufort-2 sea 
states vs. sighting time. The 95% confidence limits about the means are 
indicated. 
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Figure 2.10. Average herd sizes of common dolphins sighted during Beaufort-2 
sea states vs. sighting time. The 95% confidence limits about the means are 
indicated. 
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Figure 2.11. Average sizes of mixed herds of spotted and spinner dolphins 
sighted during Beaufort-2 sea states vs. sighting time. The 95% confidence limits 
about the means are indicated. Sightings of herds that contained three or more 
species were not included. 
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Figure 2.12. Average catch of yellowfin tuna in dolphin sets (in short tons = 2000 
lbs = 0.91 metric tons) vs. set time. The 95% confidence limits about the means 
are indicated. 
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Figure 2.13. Average catch of yellowfin tuna in logfish sets vs. set time. The 95% 
confidence limits about the means are indicated. 
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Figure 2.14. Average catch of yellowfin tuna in schoolfish sets vs. time. The 
95% confidence limits about the means are indicated. 
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Figure 2.15. Average catch of skipjack tuna in logfish sets vs. set time. The 95% 
confidence limits about the means are indicated. 
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Figure 2.16. Average catch of skipjack tuna in schoolfish sets vs. set time. The 
95% confidence limits about the means are indicated. 
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Figure 2.17. Percentage of sightings of both spotted (N = 37,984) and spinner 
dolphins (N = 19,994) that were in mixed spotted-spinner herds. Herds that 
contained three or more species were included. 
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Figure 2.18. Average percentage of spotted dolphins within mixed spotted-
spinner herds. The 95% confidence limits about the means are indicated. 
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Figure 2.19. Average ratio of the catch of yellowfin tuna to the estimated number 
of spotted dolphins in the aggregation vs. time of day. Only single-species herds 
of spotted dolphins were included. The 95% confidence limits about the means 
are indicated. 
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Figure 2.20. Percentage of dolphin sightings that led to purse-seine sets. 
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number of specimens available from that set. Data includes specimens 
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Southwest Fisheries Center (NMFS) and the IA TIC (A. Carrasco and A. Delgado, 
pers. comm.). 
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Frontispiece: Frightened by the aerial photographer's noisy airplane, a school of 
Pacific spotted dolphin explodes in all directions. (Photo by Inter-American 
Tropical Tuna Commission) 
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USING AERIAL PHOTOGRAMMETRY TO STUDY 
DOLPHIN SCHOOL STRUCTURE 
INTRODUCTION 
The chapters in this volume document the numerous advances made in the 
understanding of cetacean behavior in coastal environments. These gains were 
made through long and often painstaking observations of animals from cliffs or 
small coastal vessels. Unfortunately, logistics have severely hampered the 
study of pelagic dolphin schools. The difficulty in observing very mobile and 
very large schools, combined with the high operation costs of ships from which 
long-term behavioral observations can be made, has led us to take another 
approach to the study of dolphin behavior. Instead of looking at a few animals 
over a long period of time, we have tried to study dolphin school structure by 
looking at hundreds or thousands of animals at one instant in time through the 
use of aerial photography. 
Our work grew out of management concerns for the stocks of dolphins 
impacted by the tuna purse-seine fishery in the eastern tropical Pacific. A major 
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problem for abundance estimation of these stocks is how to determine 
accurately the numbers of dolphins in the large pelagic schools that are 
commonly encountered. Because researchers in a wide range of wildlife 
management fields have demonstrated that observer estimates of the number of 
animals in large aggregations can be greatly in error, we began an aerial 
photographic program to determine dolphin school size accurately. We used 
large-format cameras to take aerial photographs of dolphin schools from which 
estimates of school size could be made (Scott, Perryman, and Clark, 1985). One 
fortuitous spinoff of taking vertical photographs is that the lengths of 
individuals and inter-animal spacing can be calculated. Knowing the length 
distribution of a school can provide data on reproductive parameters 
(Hammond, Scott, and Perryman, unpub. ms.), and it is our belief that much can 
be revealed about school structure from the manner in which animals space 
themselves in relation to conspecifics. We hope that a combination of data on 
school size, animal lengths, and interanimal distances will help us to interpret 
the structure of pelagic dolphin schools. Our study is far from complete, but 
here we will demonstrate the techniques we are using and pose many of the 
questions that can be tested with these methods. 
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FIELD METHODS 
Our photographs were collected during a joint experiment conducted by 
the Inter-American Tropical Tuna Commission (IATTC) and the U.S. National 
Marine Fisheries Service (NMFS). We used a twin-engine Beechcraft AT-11, a 
World War II-vintage bombing trainer, with a large glass nose bubble and a 
long-range capability that made it an excellent platform for offshore 
photographic missions. We mounted an array of camera equipment in the floor 
of the aircraft, but our primary camera system was a 5-inch format camera (KA-
62A) that we obtained from the U.S. Navy. This camera had a 3-inch lens, 
providing coverage of a large area and automatic exposure control. The 
cameras were triggered remotely by an observer in the bow bubble and a series 
of frames were taken until the observer turned off the cameras. 
We evaluated several types of films in the course of our aerial photographic 
studies in the eastern tropical Pacific and achieved the best results with Kodak 
Aerochrome MS 2448 color transparency film. We found that black-and-white 
films did not allow recognition of subtle differences in shading and color 
pattern by which different species can be distinguished (mixed-species schools 
are prevalent in the eastern tropical Pacific). We compared color transparency 
and color negative films and found that the resolution of the original 
transparencies was better than that of prints made from negatives. 
137 
One major advantage of the system was its image motion compensation 
(IMC) system. This allows the camera to advance the film at the same speed 
that the camera 0 sees" the ground passing beneath the aircraft. Otherwise, the 
advance of the aircraft during the fraction of a second that the lens is open blurs 
the image, particularly at low altitudes. This system also provided a significant 
advantage in safety because the pilot could maintain a safe air speed without 
losing photographic quality. 
The survey flights were flown from airports along the west coast of Mexico 
during November-December, 1979. Flight tracks covered areas of predicted 
high dolphin school concentrations up to 200 nautical miles offshore. We 
generally chose to fly during the morning when the breezes were light and the 
sun angle was high enough to provide sufficient lighting, yet not directly 
overhead so that glare did not cover the water directly below. Wind speed also 
proved critical; once the sea state reached Beaufort 3 (12to15 kts windspeed), 
the reflection of the sun on the choppy water created glitter that obscured 
animals lying beneath the surface. In general, we photographed under nearly 
ideal conditions - light winds, calm seas, and extremely clear waters. 
Photographic passes were made at altitudes between 240 and 275 mat a 
ground speed of about 100 kts. These altitudes were low enough to obtain 
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measurable images, yet high enough to easily get the whole school in the frame. 
If animals react to the plane by diving (as Delphinus delphis were seen to do in 
our study), then higher altitudes may be necessary to avoid disturbing them. 
The camera systems were leveled to the floor of the aircraft and the pilot 
trimmed the aircraft to ensure that the cameras were as level as possible during 
each photographic pass. Four observers were aboard the aircraft to search for 
dolphins, record data, and operate the cameras. The following data were 
recorded for each sighting: date, time, position, sea state, altitude, the roll and 
frame numbers of the film, camera shutter speed, and the estimates of the size 
and species composition of the school. 
Large, tightly bunched schools of spotted dolphins (Stenella attenuata) and 
spinner dolphins (S. longirostris) were favored for photography because the 
more scattered schools could not be included in a single image and because we 
needed a large sample size to test the feasibility of our techniques. One must be 
aware of potential biases with this approach, because schools of different sizes 
may be comprised of different age classes (Hohn and Scott, 1983; Chivers and 
Hohn, 1985). Clearly, a comprehensive effort should be made to photograph 
schools so as to minimize potential sources of bias. 
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ANALYTICAL METHODS 
To demonstrate the techniques we are using to examine school structure, a 
sample school of Central American spinner dolphins (S. longirostris 
centroamericana) will be used throughout this chapter. The estimated school 
size, using the methods described below, is 2,314 dolphins. Of these, 1,454 
dolphins could be measured with photogrammetric methods. 
Methods for Estimating School Size 
Determining the number of animals in a school is usually the first step in 
studying its structure. This can be a deceptively difficult task for pelagic 
dolphins that may occur in schools of hundreds or thousands of animals. The 
problems in accurately estimating school sizes has led to the development of 
aerial photography for counting animals and using these counts to estimate 
school size (Scott, Perryman, and Clark 1985). 
To obtain these estimates, photographs were first examined to select only 
those schools that were entirely within the frame. Schools were rejected if the 
field notes indicated that large numbers of dolphins were observed to be diving 
during the pass. The photographs were then magnified twelve times with a 
Variscan rear projector onto an acetate-covered screen. Usually the school was 
contained on more than one frame per pass; this overlap allowed questionable 
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images to be re-examined and allowed the counting of animals visible on one 
frame but not on others. The images were marked on the acetate and counted 
by several readers. In addition, the readers made a school size estimate based 
on these counts by adding a small percentage (usually less than 6%) to account 
for dolphins that were not seen. This factor was determined by considering the 
quality of the photograph, the degree of sun glare or splashing that may 
obscure animals, and the number of diving animals that were noted either in 
examination of the photographs or in the field notes (see Scott et al., 1985, for 
detailed methodology). We generally viewed the counts as underestimates of 
the true school size, particularly as detectability of the dolphins decreased. 
How valid are these counts? How many dolphins are too deep to be 
counted? The accuracy of these counts was tested aboard the tuna purse seiner 
M/V Gina Anne during a research cruise in the eastern tropical Pacific (Allen et 
al., 1980). Dolphin schools were photographed from the ship's helicopter, 
encircled with the purse seine, and then counted by several observers as the 
dolphins were backed out (released) from the net. When compared with the 
backdown counts, the photographic estimates gave no indication of bias (Scott 
et al. 1985). Replicate estimates by different readers indicate the method is quite 
precise as well. 
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This study was conducted over waters clear enough to count deep-
swimming dolphins (to a depth of about 10 m). Photographs of dolphins in 
more turbid waters may not provide accurate school size estimates. The best 
school size estimates of the sample school made by two readers (2,268; 2,361), 
for example, averaged 2,314 dolphins. We used the median of the reader's 
estimates (instead of the largest estimate) because, while the counts are likely to 
be underestimates, the estimates based on these counts may overestimate school 
size due to reader variability. 
Methods for Calculating Dolphin Lengths 
The methods for determining the lengths of objects on the ground from 
aerial photographs are well-established (Slama, Theurer, and Henriksen, 1980). 
While measuring dolphins from aerial photographs has proved to be more 
complex than measuring objects that do not dive, splash, flex, or twist, the basic 
equations are quite simple: 
where 
S = scale of the photograph, 
f = focal length of the camera 
H = altitude of the camera 
and 
s = f 
H 
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(1) 
where 
a = actual length of the object 
a= i 
s 
i = image length on the photograph. 
(2) 
Usually the focal length, altitude, and image length are known, from which 
the actual length and scale can be calculated. Since we wanted the actual 
length, a, to be calculated in centimeters, the units off, H, and i are converted to 
centimeters as well. The height of the camera above the water (H) was 
considered to be the distance to the animals because, although the dolphins 
could be counted several meters below the surface, they could be measured 
only at or near the surface. If an animal swimming at a depth of 2.5 m could 
have been measured, however, the length would have been underestimated by 
less than one percent. 
Equations 1and2 are applicable when the camera is perpendicular to the 
earth's surface, but frequently the images are distorted because the camera is 
tilted. This requires that the angle of tilt be measured or calculated and the 
image length be adjusted according to the degree of tilt and the position of the 
image on the photograph: 
where 
S = f - y sin(t) 
H 
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(3) 
y =distance from the isocenter1 of the photograph to the image in the direction 
of tilt, and 
t =angle of tilt (in degrees). 
The angle of tilt should be measured at the time the camera is fired, 
although Hammond, Scott, and Perryman (unpub. ms.) have developed a 
method for estimating the angle of tilt based on the differences in lengths of 
dolphins photographed on overlapping frames. The same individual 
photographed on successive frames will occupy different positions on each 
frame (as a result of the movement of the aircraft over the school) and will have 
different image lengths for each frame (as a result of camera tilt). The 
differences in image length and position can be calculated for several dolphins, 
and the angle of tilt can be estimated. 
Because of the large sample of dolphins to be measured, a mono-
comparator operated by experienced technicians (Applied Photogrammetric 
Surveys, Inc., Riverside, Calif), was used to digitize the head and tail positions 
of the images. The coordinates of these points were stored on a computer, 
1The isocenter is the point where the bisector of angle t intersects the photograph 
(see Figure 2-3 in Slama, Theurer, and Henriksen, 1980). For the method 
described above, however, the exact center (or "principal point") is used. The 
center is determined by the intersection of four marks ("fiducial marks") 
located on the borders of the photograph. 
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allowing not only the measurement of the images but also the production of a 
scaled plot of the school. 
Hammond, Scott, and Perryman (unpub. ms.) have examined several 
sources of variance and bias in photogrammetric measurements of dolphins. 
They made replicate measurements of images of varying photographic quality 
and found that these measurements prove to be relatively precise, particularly 
for larger animals. The accuracy was influenced by two sources of bias. First, 
measurements from aerial photographs were greater than standard 
measurements (Norris 1961) because fluke notches were not visible in 
photographs taken from an altitude of 275 m. Our measurements were made 
from the tip of the rostrum to a line connecting the fluke tips. We made 
measurements on twenty-five dolphin carcasses to adjust for this bias. 
Adjustments of -3.2% (large dolphins > 150 cm) to -4.4% (small dolphins) were 
made to each measurement. The second bias, flexure by the dolphins, tended to 
produce underestimates of the length. By examining and editing the 
photographs, we could delete many measurements of dolphins that were flexed 
or twisted. Typically, a moderate amount of flexure caused the flukes or 
rostrum to disappear from our overhead view and could be easily discerned 
and deleted. A small amount of bias remains, however, because of the presence 
of slightly flexed dolphins. To estimate the maximum extent of this bias, we 
measured four dolphin carcasses bent to various degrees. Hammond, Scott, 
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and Perryman considered that the maximum measurement error due to slight 
arching by the dolphin was 7.1 percent of standard length. 
In general, aerial photogrammmetric lengths tend to be more variable than 
standard lengths taken with conventional techniques. Figure 3.1 presents the 
length distribution of the sample school corrected to standard length 
measurements. While the sample of Central American spinner dolphins 
collected from the tuna fishery is too small and too sex biased for statistical 
comparison (N = 15 adult specimens, 12 females:3 males; Perrin et al. 1985), the 
mean of the lengths comprising the largest mode of the photogrammetric length 
distribution (208 cm) is similar to the mean of the fishery sample (203 cm). 
Methods for Examining School Structure 
Distribution of size classes within the school - As mentioned above, computer-
genera ted plots are produced to scale from the coordinate data (Figure 3.2). 
Each dolphin can be numbered on the plot and color-coded by length. The 
computer plots of the schools permitted visual examination of the spatial 
relationships of various size classes. Hypotheses then can be posed about the 
distribution of size classes within schools. 
If we are interested in how a school protects its most vulnerable members, 
we can test the hypothesis that calves are equally likely to occur in various 
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sections of the school. This can be done in various ways, but first we must ask, 
what is a calf? If life history data are available on lengths at age, weaning, or 
independence, we could use such data to define a "maximum calf length." In 
the present example, however, scant life history data are available for Central 
American spinner dolphins (Perrin et al., 1985), and we were compelled to 
employ indirect methods that used our length and nearest-neighbor data. We 
first selected an arbitrary (and very low) maximum calf length; we then 
determined the length of the first nearest neighbor for each calf. The percentage 
of these nearest neighbors which were also calves was calculated. We assumed 
that very small calves virtually always swim next to an adult (presumably their 
mother) and that there would be no "calf-calf" neighbors when the maximum 
calf length was low. When this procedure is iterated, however, using 
successively greater maximum calf lengths, this percentage eventually will 
begin to increase, as the young animals become more independent of their 
mothers and begin to associate with other juveniles (as suggested by studies on 
spinner dolphins by Pryor and Kang [1980] and by Chivers and Hohn [1985]). 
We use the length at which the first non-zero percentage occurred as an 
estimate of the length at which calves begin to display independence from their 
mothers. As seen in Figure 3.3, the estimated length of independence is 156 cm 
in the sample school. 
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Once a range of lengths has been defined for calves, the numbers of these 
individuals can be counted in different sectors of the school. The sample school 
was divided into three sectors containing equal numbers of dolphins in the 
middle, front, and rear of the school (Figure 3.2). The divisions are somewhat 
arbitrary, but the general procedure involved dividing the school in half to 
separate the front and rear sectors, and counting from the perimeter of the 
school inward until each of the sectors contained one-third of the total school. 
An effort was made to keep identifiable subgroups together in the same sector. 
This particular school showed no significant differences in the number of calves 
among the sectors using a chi-square test. 
Norris et al. (1985) have suggested that when Hawaiian spinner dolphins 
are harassed, calves become enveloped into the center of the school. By 
examining successive passes over the same school, we can ask whether repeated 
passes cause this pattern to occur. Our preliminary studies suggest that there is 
no statistical difference in the location of calves in the school between schools 
photographed on early passes vs. those photographed on later passes, 
suggesting either that the calves are not found in any one particular sector 
when harrassed, or that the photographic passes did not constitute a sufficient 
annoyance to cause this response. 
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Similarly, we can test for differences in the distribution of other classes 
within the school. For example, examining the distribution of the very largest 
dolphins would provide an interesting glimpse of dolphin social organization. 
These animals are likely to be adult males due to sexually dimorphic size 
differences in spinner dolphins (Perrin, 1975). Their distribution within the 
school could be used to examine such questions as, do large males provide 
protection to other school members by positioning themselves on the periphery 
of the school? Are they found in the center of the school, serving as focal 
animals for the rest of the school? We found no significant differences, 
however, in the number of large animals among the sectors. 
This method can also be used to examine how different species interact in 
mixed-species schools. Schools composed of both spinner and spotted dolphins 
are common in the eastern tropical Pacific and the spatial relationships between 
the two species may tell us much about the social structure of both species. 
Spacing of individuals - Many questions about the spacing of individuals 
within the schools can be answered with photogrammetric techniques. By 
examination of the plots, one discovers that the density of dolphins within the 
school is not constant. There are two classical approaches to this type of 
problem: 1) a grid method in which the school is sectioned into quadrats and 
the number of dolphins in each quadrat is counted and compared with other 
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quadrats, or 2) the distance method in which inter-individual distances to the 
nearest neighbor of all plotted dolphins are compared among different areas of 
the school. Because of fewer problems with arbitrary grid sizes and dealing 
with grids containing the edge of the school, we have used the distance method. 
This method, however, is prone to problems with "edge effects," that is, the 
nearest neighbor to an individual may be outside the sampled area, resulting in 
biased inter-animal distances. In this study, the entire school is sampled and 
only those photographs with entire schools with no animals near the edge of the 
frame were selected, so this bias is negligible. 
To demonstrate this method, we tested whether dolphin densities differed 
in the front, middle, and rear of the school, using the sectors illustrated in 
Figure 3.2. We measured the inter-animal distances from the rostrum of one 
dolphin to the rostrum of its neighbor. In the sample school, differences in the 
distances between first nearest neighbors were not significant among sectors 
(Wilcoxon rank sum test), but differences were highly significant among 
distances between second and third nearest neighbors (p < 0.001). These 
differences are a result of the relative dispersion of dolphins in the front of the 
school and relative crowding in the other sectors. It is interesting to note that 
this is not reflected in the first nearest-neighbor distances suggesting that, even 
when relatively dispersed, social bonds between pairs of animals are important. 
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Nearest-neighbor analyses can also be useful for analyses of other social 
spacing questions. One can compare, for instance, the differences in nearest-
neighbor distances among schools engaged in different activities or arrayed in 
different formations, or the differences among different species in separate 
schools or in mixed-species schools. We have used, as an example, a 
comparison of nearest-neighbor distances of dolphins of various size classes 
(Table 3.1). These results show that the average nearest-neighbor distance 
increases with increasing size. This would be expected for two reasons. First, 
physical reasons would dictate that as animals grow in both length and girth, 
the inter-animal distances would be likely to increase. Second, inter-animal 
distances may increase due to social factors, such as the dependence of calves 
on their mothers and increased aggressiveness of large males. Norris, Stuntz, 
and Rogers (1978) found a similar trend for pelagic spotted dolphins captured 
and photographed underwater in a tuna purse seine in the eastern tropical 
Pacific. 
Many standard statistical methods exist for analyzing these types of data. 
For example, we are currently assessing one such method, the Mantel test 
(Mantel, 1967), which has been adapted for analyses of animal behavior and 
social structure. Schnell, Watt, and Douglas (1985) have demonstrated its use in 
statistical analyses of the spatial patterns of social groups. The Mantel test 
compares the corresponding elements of two different matrices to evaluate 
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associations. Each matrix is composed of pairwise comparisons between all 
individuals in the sample (e.g., the length differences between each pair of 
animals) and then compared with another similar matrix (made up, for 
example, of the length differences that would be expected under a particular 
hypothesis, or another inter-animal variable such as distances between 
individuals). Many questions about dolphin school structure can be tested with 
statistical techniques: Where do various size classes occur in the school? Do 
large dolphins occur more often near the center of the school or the periphery? 
Are dolphins that are found close together likely to be of similar size? How do 
inter-animal distances vary with school size? 
School Formations - The shape of a school can be readily _observed and 
measured in the photographs, and thus aerial photogrammetry can be a good 
tool for detailed description and analysis school geometry. The temptation, of 
course, is to correlate school formation with ongoing behavior. During this 
study, behavior could be observed only during the relatively brief passes over 
the school, and only broad categories of behavior could be identified. The 
school in Figure 3.2, for example, was swimming rapidly during the pass after 
apparently being startled by the plane's shadow; the formation matches that of 
Norris and Dohl's (1980) description of fleeing schools as being broader than 
long and tightly packed. 
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The internal geometry of sub-units within the school can be readily 
described as well. Swimming in echelon formations by subgroups within the 
school is apparent in Figure 3.2, and has been described previously in free-
ranging dolphins (e.g., Norris and Dohl, 1980). We believe that using many of 
the methods described above to study these subgroups may prove to be most 
fruitful. For example, Norris, Stuntz, and Rogers (1978) found relative inter-
animal distances to decrease with increasing subgroup size in captured spotted 
dolphins; this hypothesis can be readily tested on free-ranging dolphin schools 
as well. 
Methods for Studying Dolphin Locomotion 
One photograph (see frontispiece) taken during this study was used to 
analyze the "porpoising" behavior of dolphins by Au, Scott, and Perryman 
(1988). From an aerial photograph of rapidly moving spotted dolphins, it was 
possible to measure the distance between the characteristic exit and entry 
splashes the dolphins make when they leap. The average leap distances were 
calculated to be 6.8 m and the minimum speed required to leap this far is 15.9 
knots. Interestingly, the average distance the dolphins swam between leaps 
(12.7 m) was almost twice the distance of the leaps. If dolphins "porpoise" to 
lessen water-induced drag, then one might expect that at least as much time 
would be spent airborne than swimming. The puzzle of "porpoising" behavior 
still awaits explanation. 
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CONCLUSIONS 
We believe that aerial photogrammetry will prove to be particularly 
valuable for studying coastal marine mammals. Such studies would be 
relatively inexpensive and easy to conduct and would provide information that 
could neatly dovetail with data from shore-based studies. Aerial photographs 
provide an intensive look at school structure that can be best appreciated by 
having the broader background data possible from long-term observations. 
One example of such an approach is currently being conducted; the NMFS 
Southwest Fisheries Center is applying aerial photographic techniques to the 
spatial patterns of hauled-out pinnipeds in California to complement the 
numerous and extensive ground-based studies conducted on these populations. 
Studying the school structure of pelagic dolphins, however, is much more 
difficult and expensive. Aerial photogrammetry is one of the limited number of 
tools available to the field biologist. Studying pelagic schools in this manner 
offers the unique opportunity to examine the structure of very large schools. 
This can alleviate the bane of many behavioral studies, the search for an 
adequate sample size (e.g., we are currently examining 15 schools of spinner 
dolphins, ranging in size from 150 to over 6,000 animals, containing over 20,000 
plotted animals). We think we should sound a note of warning about such 
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large schools, however. While it took us a matter of minutes to photograph a 
school of dolphins, we have spent years poking and prodding this large data set 
and we still have not explored all the possible avenues of research. 
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Table 3.1. Average distances between first, second, and third nearest neighbors 
of three size classes of dolphins: calves (< 156 cm), medium-sized dolphins 
(156-219 cm), and large adults(> 220 cm). Standard deviations are 
included in parentheses. 
Size Class 
Calves 
Medium 
Large 
Sample 
Size 
50 
897 
507 
Average Nearest Neighbor Distances (in m) 
1st 2nd 3rd 
0.92 (0.36) 
1.51 (0.86) 
1.79 (0.96) 
159 
1.92 (0.77) 
2.43 (1.20) 
2.69 (1.47) 
2.58 (0.86) 
3.11 (1.39) 
3.34 (1.69) 
Figure 3.1. Length distribution (in cm) of a school of Central American spinner 
dolphins calculated from aerial photogrammetric measurements (n = 1,454). 
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Figure 3.2. Computer-generated plot from a photograph of a school of Central 
American spinner dolphins. The small darkened figures represent calves(< 156 
cm) and the large darkened figures represent the largest adults(> 245 cm). The 
small squares indicate the head position of dolphins that could be counted, but 
not measured; the cross marks the center of the frame. The lines divide the school 
into three sectors containing equal numbers of dolphins. The number of 
dolphins measured was 1,454, the number plotted here from a single 
photographic frame was 1,925 dolphins, and the estimated school size based on 
photographic counts of several frames was 2,314. 
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Figure 3.3. The percent of calves in the school and the percent of nearest-
neighbors pairs in which both members are calves plotted as a function of 
increasing the maximum length (in cm) which defined a calf. 
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